Given the frequency of stellar multiplicity in the solar neighborhood, it is important to study the impacts this can have on exoplanet properties and orbital dynamics. There have been numerous imaging survey projects established to detect possible low-mass stellar companions to exoplanet host stars. Here we provide the results from a systematic speckle imaging survey of known exoplanet host stars. In total, 71 stars were observed at 692 nm and 880 nm bands using the Differential Speckle Survey Instrument (DSSI) at the Gemini-North Observatory. Our results show that all but 2 of the stars included in this sample have no evidence of stellar companions with luminosities down to the detection and projected separation limits of our instrumentation. The mass-luminosity relationship is used to estimate the maximum mass a stellar companion can have without being detected. These results are used to discuss the potential for further radial velocity follow-up and interpretation of companion signals.
INTRODUCTION
The discovery of exoplanets several decades ago (e.g., Latham et al. (1989) ; Latham (2012) ; Wolszczan & Frail (1992) ; Mayor & Queloz (1995) ) has led to a burgeoning and diverse field of study. A major effort of this work is directed at characterizing the individual exoplanets and their host stars. For example, determining the binarity of the host stars has become a crucial step in understanding exoplanetary systems since the presence of a binarity companion can have a profound effect on detection methods and formation scenarios. This is particularly important since roughly half of all sun-like stars in the solar neighborhood are part of a multiple-star systems (Raghavan et al. 2010; Horch et al. 2014) . Indeed, the pursuit of Kepler candidates (Everett et al. 2015; Kraus et al. 2016) and Robo-AO observations of radial velocity (RV) exoplanet host stars has significantly contributed to our knowledge of this large rate of stellar multiplicity.
The presence of binary companions can considerably affect stellar measurements intended to discover and/or characterize exoplanets and cause severe blended contamination for transit observations Ciardi et al. 2015; Gilliland et al. 2015) . One of the main consequences of this for exoplanets detected by the transit method is the underestimation of their planetary radii determined from the depth of the planetary transit Furlan & Howell 2017) . For systems discovered using the RV method, the presence of stellar companions can manifest as linear trends in the data, the precise origins of which can remain unresolved due to the insufficient time baseline and the sin i ambiguity of the companion mass interpretation (Crepp et al. 2012; Kane et al. 2014) . The range of possible planetary formation scenarios is inhibited by the multiplicity of the stars, and can impact such aspects as the orbital stability of the planets (Holman & Wiegert 1999) . Furthermore, there has been a noted effect of stellar binarity on masses, orbital periods (Zucker & Mazeh 2002) , and eccentricities (Eggenberger et al. 2004) of planets in such binary systems. Consequently, it has become critical for us to establish the multiplicity of exoplanet host stars so that we can be absolutely confident with the resulting interpretation of exoplanet signals and be successful in fully characterizing the overall system properties. Wittrock et al. (2016) described a survey for exoplanet host star multiplicity and presented the detection of stellar companions to 2 of 71 surveyed exoplanet host stars, HD 2638 and HD 164509. Here we present the results for the remaining 69 stars of the survey that place significant constraints on the presence of stellar companions to those stars. In Section 2, we discuss the method of detection, the range of targets that were selected for analysis, and the properties of null-detection systems. Section 3 briefly reviews the details of the data reduction and includes sensitivity plots of the observed systems. Section 4 presents the results from the data analysis, and Section 5 provides discussion of further work and concluding remarks.
SELECTIONS AND PROPERTIES OF THE TARGETED SYSTEMS
A large survey project was established to search for stellar companions to a subset of the known RV exoplanet host stars. In total 71 stars were observed in July 2014 using the Differential Speckle Survey Instrument, or DSSI (Horch et al. 2009 ); that instrument was stationed at the Gemini-North Observatory at the time of observations. The stars were selected from the known RV exoplanet host star population where there was no known stellar companion. Two of the stars, HD 2638 and HD 164509, were found to have evidence for bound stellar companions contained in the data (Wittrock et al. 2016) . Tables 1 and 2 list the 69 targets from the survey for which no stellar companion was detected. The first table includes spectral types, apparent magnitudes m V , proper motions (denoted as µ), parallaxes, distances, and the number of exoplanets each star hosts, while the second table tallies stellar masses, radii, luminosity, effective temperatures, surface gravity, age, and metallicity. The data within both tables were taken from multiple literature and exoplanet databases (see reference section). The DSSI used two different filters, 692 nm and 880 nm, to acquire the speckle images of those targets. The 692 nm filter has FWHM of 40 nm, and the 880 nm filter has FWHM of 50 nm. All images were reduced using a data reduction pipeline, the details of which are provided in Section 3. Afterward, the images were examined by eye and also using the speckle reduced data plots for any companion source appearing next to the target. Figure 1 showcases the Hertzsprung-Russell (H-R) diagram and distance histogram of the survey using the data from Tables 1 and 2. BD+48 738 and HD 13189 were excluded since their luminosity and/or age data are unavailable, and HD 240237 was excluded due to its extremely large distance of 5300 pc. As described by Wittrock et al. (2016) , this is a magnitude-limited survey that targets the brightest of known exoplanet host stars, and so the sample consists mostly of relatively nearby dwarf stars with a peak in the distance distribution of ∼50 pc. The large distances of the giant stars results in a small angular separation sensitivity for detecting stellar companions. Distance (pc) Planets References (1) Boisse et al. (2012) , (2) Bonfils et al. (2005) , (3) Bonfils et al. (2013) , (4) Dumusque et al. (2011) , (5) Endl et al. (2004) , (6) ESA (1997), (7) Fischer et al. (2002) , (8) Fischer et al. (2003) , (9) Fischer et al. (2006) , (10) Gettel et al. (2012) , (11) Giguere et al. (2012) , (12) Giguere et al. (2015) , (13) Gray et al. (2001) , (14) Gray et al. (2003) , (15) Gray et al. (2006) , (16) Grenier et al. (1999) , (17) Hatzes et al. (2005) , (18) Hog et al. (2000) , (19) Johnson et al. (2007) , (20) Johnson et al. (2008) , (21) Kidger et al. (2003) , (22) Lee et al. (2013) , (23) Naef et al. (2010) , (24) Niedzielski et al. (2007) , (25) Niedzielski et al. (2009) , (26) Robertson et al. (2012) , (27) Santos et al. (2007) , (28) Santos et al. (2013) , (29) Santos et al. (2015) , (30) 
OBSERVATIONS AND DATA REDUCTION
The details on the process undergone to obtain the final reconstructed images is provided in the previous paper (Wittrock et al. 2016 ) and with greater depth in Horch et al. (2012 Horch et al. ( , 2015 but will be summarized here. The DSSI obtains the raw speckle data and stores it as FITS data cubes containing 1000 single short-exposure frames, where each frame is a 256 × 256-pixel image centered on the target. The plate scales for the observing run at Gemini-North were 0.01081 arcsec/pixel and 0.01120 arcsec/pixel for the 692 nm and 880 nm channels respectively. The frames are bias-subtracted, autocorrelated, and then summed. The result is then Fourier transformed to retrieve the spatial frequency power spectrum of both the science target and a known unresolved point source standard. Afterward, the science target's power spectrum is divided by that of the point source to deconvolve the effects of the speckle transfer function and obtain a diffraction-limited estimate of the true power spectrum of the object. For the raw data frames, the image bispectrum of each frame has been created (more details on this process has been described in Lohmann et al. (1983) ). The relaxation algorithm of Meng et al. (1990) is then applied to calculate the phase of the object's Fourier transform. This result is then added with the square root of the deconvolved power spectrum to arrive at an estimate of the object's Fourier transform. Next, it is multiplied with a Gaussian low-pass filter of FWHM width equal to the telescope's diffraction limit. Lastly, we inverse-Fouriertransform the result to obtain the final reconstructed image.
With the reconstructed images in hand, we can use the method from Horch et al. (2011) to obtain a detection limit curve with respect to angular separation from the primary star. The average and standard deviation of the maxima inside annuli are computed to guide our estimation of the 5-sigma detection limit, which is the mean value plus five times the standard deviation. These values are in unit of magnitude difference. The DSSI's diffraction limit on Gemini-North (0.022 ′′ at 692 nm and 0.027 ′′ at 880 nm) constrains the angular range of annuli from 0.1 to ∼1.2", and we arbitrarily chose an increment of 0.1" for the annuli. Afterward, we employed a cubic spline interpolation to achieve a smooth detection limit curve at all separations in between the two extreme limits. The sensitivity plots with these curves for some targets are listed in Figure 2 . The construction of these sensitivity plots are described in more detail by Howell et al. (2011) .
RESULTS
Even though the remaining systems have not yielded the discovery of a stellar companion like those of HD 2638 and HD 164509 (Wittrock et al. 2016) , such results nevertheless provide an important contribution to the stellar companion survey. Given that the field-of-view of the images is 2.8 ′′ × 2.8 ′′ , a null-detection implies that the system contains no stellar companions down to the sensitivity limit of the observation and within the projected size of the field-of-view. For example, one such system for which we do not detect a stellar companion and is relatively nearby (∼17 pc) is 14 Her (HD 145675). Wittenmyer et al. (2007) proposed a second exoplanet, 14 Her c, with a semi-major axis of 6.9 AU and very low eccentricity of 0.02±0.06. Our non-detection of a stellar companion around 14 Her out to ∼25 AU (see Table 3 ) indicates that the observed signal for the outer body is highly likely to be caused by a planetary body. Table 3 includes the inner and outer exclusion radii, limiting magnitudes at 0.1 ′′ and 0.2 ′′ , the distance moduli, and the maximum stellar mass of a hypothetical companion for each target, including HD 2638 and HD 164509 from Wittrock et al. (2016) . The exclusion radii are the range of physical separations from the host star that are observable within the Gemini DSSI's fieldof-view. The exclusion radii and the distance moduli are calculated using the stellar distances provided in Tables 1. The minimum angular separation is constrained by Gemini's diffraction limits of about 0.022 ′′ at 692 nm and 0.027 ′′ at 880 nm and is 0.05 ′′ . As mentioned before, the maximum angular separation is 1.2 ′′ , which provides a constraint on the outer exclusion radius. Thus, the exclusion radii provide a region where stellar companions with certain spectral types may be excluded. Therefore, the last two columns tell us what the maximum mass a stellar companion can have before becoming detectable via DSSI within the exclusion region. These masses were calculated using a simple mass-luminosity
3.5 (Kuiper 1938 ) and the given limiting magnitudes at both 692 nm and 880 nm.
We constructed three plots, shown in Figure 3 and Figure 4 , using the information from Table 3 . Figure 3 shows some correlation between the inner exclusion radius and effective temperature of the targets, with tight clusters at or below 5 AU. The large inner exclusion radius for some of the cooler stars represents the giant stars in the sample, as verified by the distance indicators. The plots shown in Figure 4 show that the limiting magnitude of our observations are largely consistent between the two passbands used of 692 nm and 880 nm. As for Figure 1 , BD+48 738, HD 13189, and HD 240237 were excluded from the plots (see Setion 2). Limiting magnitude plots for selected targets. Left and right columns are sensitivity plots at 692 nm and 880 nm, respectively. Each plot shows the limiting magnitude (difference between local maxima and minima) as a function of apparent separation from a given target in arcsec. The dashed line is a cubic spline interpolation of the 5σ detection limit. Both plots were generated from the corresponding DSSI images. The Gemini diffraction limits are 0.021" and 0.027" at 692 nm and 880 nm, respectively. Figure 3 . Inner radius versus effective temperature of the targets. The color bar represents the distance in pc.
CONCLUSION
Detection of stellar companions to exoplanet host stars is now relatively common. Their discovery, or lack of it, are of beneficial contributions to the structure of the stellar systems since the presence of a stellar companion significantly influences the orbital dynamics and models for formation processes. For planets discovered using the RV technique, the search for stellar companions plays a major role in the correct interpretation of residual RV trends present in the data. Furthermore, determining if any of the known exoplanet host stars are single, binary, or multiple systems is absolutely essential in avoiding situations where a gas giant would be mistaken for a terrestrial or even an Earth-like planet.
Our DSSI survey monitored 71 stars for which 2 were detected to have stellar companions (Wittrock et al. 2016 ) and the remaining 69 show no evidence of stellar companions within the 2.8 ′′ × 2.8 ′′ field-of view and above the instrument's sensitivity limit. This increases the probability that remaining detected objects in the RV data, if any, are planetary bodies if not extremely low-mass stars or brown dwarfs. An example of this is the 14 Her system, for which the partial phase coverage of the RV signal detected by Wittenmyer et al. (2007) is better explained by a planetary body rather than stellar, since our exclusion range out to ∼25 AU completely encompasses the postulated semi-major axis of the proposed 14 Her c. The exclusion radii listed in Table 3 provide a physical range of separations from each star within which any future RV detection of objects gravi- tationally bound to these stars may now be more closely associated with a planetary object.
ACKNOWLEDGMENTS
The authors would like to thank the referee for providing feedback that improved the quality of the paper. This work is based on observations obtained at the Gemini Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the National Research Council (Canada), CONICYT (Chile), the Australian Research Council (Australia), Ministério da Ciência, Tecnologia e Inovação (Brazil) and Ministerio de Ciencia, Tecnología e Innovación Productiva (Argentina). This research has made use of the NASA Exoplanet Archive, which is operated by the California Institute of Technology, under contract with the National Aeronautics and Space Administration under the Exoplanet Exploration Program. The results reported herein benefited from collaborations and/or information exchange within NASA's Nexus for Exoplanet System Science (NExSS) research coordination network sponsored by NASA's Science Mission Directorate.
